The genus Cornus encompasses a wide range of attractive wild taxa, often used as ornamental plants in landscaping. The aim of this investigation was to highlight the quantitative and qualitative diversity within endocarp morphological traits apparent among 15 Cornus species representing different geographical and phylogenetic groups. Seventeen morphological traits of Cornus endocarps were evaluated in 185 Cornus collections originating from the Northern Hemisphere. To explore structure in our dataset and reduce its complexity, several multivariate statistical analyses (i.e., PCA, MANOVA, ANOVA, and analysis of contingency tables) were employed. Two clearly distinct sample groups were observed after the PCA, reflecting a high level of taxonomic division of analyzed species, i.e., subgenera: Mesomora and Kraniopsis. The study highlights qualitative and/or quantitative characters that partitioned (1) groups of species or some individual species, (2) geographical groups, and (3) cultivated and wild collections. Results of trait validation are presented in identification keys. A partial congruence was detected between our results and a currently available species level phylogeny of the genus Cornus. The morphology of Cornus endocarps is of taxonomic importance and provides a key for species identification. The existence of only subtle morphological differences between some closely related taxa does not sufficiently explain their species status. The applicability of our results to the previously published morphological records is limited, mainly due to vague terminology. Considerably more work will need to be done to determine the effect of cultivation on qualitative reproductive traits of Cornus species.
Introduction
Cornus L. consists of 58 species that are mostly shrubs, small trees, or, rarely, perennial herbs with woody rhizomes. The centers of the generic diversity are East Asia and North America with the exception of two species in South America and one in tropical East Africa (Wangerin 1910; Macbride 1929; Eyde 1988; Stevens 2012) .
Due to the considerable morphological, cytological and biochemical heterogeneity of dogwoods, many contributions concerning the classification of taxa to groups of different affinity have been published (e.g. Wangerin 1910; Hutchinson 1942; Pojarkova 1950; Ferguson 1966; Eyde 1987; Xiang 1987; Murrell 1993 Murrell , 1996 Hardin and Murrell 1997; Takhtajan 1997; Feng et al. 2011 ). In the current classification, dogwoods are divided into four major clades: the blue-or white-fruited (BW, *35-45 species), the cornelian cherries (CC, 6 species), the big-bracted (BB, *7-12 species), and the dwarf dogwoods (DD 3 herbaceous species) (Xiang et al. 1993 (Xiang et al. , 1996 (Xiang et al. , 1998 (Xiang et al. , 2006 Fan and Xiang 2001) . The blue-or white-fruited dogwoods clade includes three subgenera: Yinquania (Zhu) Murrell, Kraniopsis Raf., and Mesomora Raf.
To date, there has been little agreement on the number of species and lower taxonomic ranks within the largest subgenus of dogwoods Kraniopsis (Xiang 1989; Murrell 1993; Xiang et al. 1996 Xiang et al. , 2006 Xiang and Boufford 2005) . However, the taxonomic rank of species belonging to the subg. Mesomora has never been in doubt. This subgenus includes just two species that have alternate leaves: one is native to the subtropical and temperate regions of East Asia while the other is located in eastern North America.
In general, reproductive structures are important diagnostically. The taxonomic value of fruit morphology has already been recognized for many angiosperm families (Ronse Decraene et al. 2000; Padgett 2003; Bojňanský and Fargašová 2007; Toma 2008; Zarafshar et al. 2010; Morozowska et al. 2012) . A high diversity of fruit and seed structures may provide some important insights for understanding a phylogeny of different angiosperm groups (Oh et al. 2008; Manchester et al. 2010) .
The structure of endocarps and other traits related to vegetative and floral organs of Cornus were studied by Koehne (1903) and Wangerin (1910) , who characterized up to 80 % of all the described Cornus species from the Northern Hemisphere that are known to science. Later, a series of studies was undertaken to improve the quality of the earlier conclusion regarding the systematic of this genus (e.g., Fosberg 1942; Wilson 1965; Eyde 1987 Eyde , 1988 Murrell 1993; Takhtajan 1997; Xiang et al. 2003; Kubitzki 2004; Xiang and Boufford 2005; Bojňanský and Fargašová 2007; Manchester et al. 2010; Schulz 2011 Schulz , 2012 . Some authors (Eyde 1988; Manchester et al. 2010 ) do have some grounds to think that fossil dogwood fruits, especially those preserved intact in brown coal beds, are taxonomically useful and often can serve to identify the major clades (BW, BB, CC, DD) or a group of species within a particular subgenera. As stated by Eyde (1988) , Cornus endocarp can be identified by its germination valves. Other features, such as endocarp size, its symmetry, shape of its apical or basal portions, variation in the occurrence of apical pit, surface sculpturing (e.g., ribs, furrows, grooves, vascular bundles), and features of its histology can be evaluated to facilitate identification to the lower taxonomic ranks within the genus. However, considering fossils representing taxa of the BW clade, many of these traits overlap and may have limited usefulness in taxonomic practice. Nevertheless, the fossil endocarps with the conspicuous apical depression and branched grooves on the outer surface may be linked to the existing Cornus alternifolia L.f. and C. controversa Hemsl. from subg. Mesomora. Moreover, some features of the endocarp sculpture (ribbing pattern) allow for a simple identification of Nyssa, a genus closely related to Cornus (Eyde 1997 ).
In the most comprehensive and recent study done by Schulz (2012) , within the subg. Kraniopsis, a description (with interpretation or links to other research) has been provided for 30 entities of different taxonomic rank, including cultivars, species that have an ambiguous taxonomic position, and so-called ''good species''. Endocarps of these taxa have been considered in terms of their dimensions, overall shape variations, shape of basal and apical parts, and surface ribbing intensity. Based on features related to vegetative and floral organs and endocarp traits, a revision of the Cornus species has been proposed. Some species are highly variable in analyzed traits and so were reduced to the rank of subspecies or variety: C. alba ssp. stolonifera (Michx.) Wangerin, C. asperifolia var. drummondii (C.A. Mey.) J.M. Coult. & W.H. Evans, C. amomum ssp. obliqua (Raf.) J.S. Wilson, and C. sanguinea ssp. australis (C.A. Mey.) Jáv.
Here, we evaluate the taxonomic value of 17 morphological traits of endocarps among 15 currently accepted Cornus species in subg. Kraniopsis and Mesomora. The goal of these studies is to extend our information concerning the comparative morphology of Cornus endocarps and reevaluate their taxonomic significance predominantly in the blue-or white-fruited group.
These species have been extensively investigated by Xiang et al. (1993 Xiang et al. ( , 1996 Xiang et al. ( , 1998 Xiang et al. ( , 2006 , Xiang and Boufford (2005) , and Schulz (2011 Schulz ( , 2012 using different molecular methods and the classical taxonomic approach. According to Xiang et al. (2006) , three subclades were recognized within subg. Kraniopsis: subclade I, which consists of North American species; subclade II, which contains species from boreal Eurasia, North America, and East Asia; and subclade III, which is represented by a few East Asian species. Because of these differences, we were also trying to answer the following question: Do species differ by geography in terms of endocarp morphology?
The geographic distribution and range of species' habitats are expanded by humans through displacement and cultivation in arboreta and botanical gardens as well as other introductions (Miller and Knouft 2006) . Relaxed selective pressure in culture conditions due to the clearing of competing plants, sufficient water supply, and genetic drift may result in morphological, physiological, and genetic changes in cultivated populations that make them significantly distinct from wild populations (e.g., Anthony et al. 2002; Miller and Knouft 2006) . Quantitative methods for the evaluation of morphological and physiological traits in wild and cultivated populations of various plants were undertaken previously (Paz and Vázquez-Yanes 1998 and references therein, see also : Fleming and Valiente-Banuet 2002; Chang et al. 2011; Wang et al. 2012 ). In our study, the availability of wild and cultivated Cornus collections provided us the opportunity to visualize trends of morphological differentiation influenced by human versus natural selection or/and random changes between those two types of materials. Thus, the paper is structured around questions related to Cornus taxonomy and its geography as well as the impact of cultivation on endocarp morphology.
Materials and methods

Materials
In spite of efforts being made, numerous fully developed fruits were available only for some of already described species from subg. Kraniopsis and Mesomora. The endocarps of Cornus species were supplied by 21 arboreta and botanical gardens (Online Resource 1). One hundred twelve wild-growing specimens representing 14 Cornus species were obtained from 13 herbaria: A, BM, G, GH, H, K, KOR, KRAM, L, LISU, S, SZCZ, WA, and two botanical gardens (Thiers, Index Herbariorum) or were collected by the first author (Online Resource 2). The cultivated specimens, selected according to their availability, were represented by 15 Cornus species. A composition of wild and cultivated species was almost fully congruent, with the exception of Cornus bretschneideri L. w  7  5  3  5  5  5  5  3  5  5  48  c  30  30  30  30  30  30  180   Eurasian   alba  w  5  5  5  5  6  17  30  18  22  12  125   c  30  30  30  30  30  150   australis  w  3  5  5  5  5  5  5  5  5  6  6  5  5  4  30  99   c  30  30  30  30  20  140   bretschneideri  c  30  30  30  90   controversa  w  5  5  11  3  5  5  3  3  40   c  30  30  30  30  30  30  180   macrophylla  w  5  10  5  20   c  30  30  30  90   sanguinea  w  5  5  5  5  5  6  5  5  5  5  5  4  4  8  5  77   c  30  30  30  30  30  30  180   walteri  w  5  5  5  6  6  2  3  4  2  38   c  30  30  30  13  103   Total  w  669 c
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Henry for which only the cultivated materials were available (Table 1) . A total of 2,812 endocarps from 185 specimens were evaluated. Each species was represented by three to 15 specimens. The number of evaluated endocarps per specimen ranged from two to 30 for wild materials and 10-30 for cultivated materials, depending on their availability (Table 1) . The included samples were collected from 2009 to 2012. We chose to get the samples between July and October to reflect the fruiting period of the given species. Geographic locations of cultivated and wild accessions were mapped onto a counter map of the Northern Hemisphere using Mappad v. 2.0 (Figs. 1, 2) .
In our work, we treated the original Cornus species identifications as valid and reliable. To ensure accuracy in this study, more than 80 % of examined samples were checked by the first author using morphological characters of leaves, flowers, and inflorescences (Online Resource 2, 3). Nomenclature of species follows that of The Plant List (2010). Version 1.
Plant measurements
After collection, the samples were prepared for morphological analyses by removing a fleshy part of the fruit from its endocarp, soaking it in a 3.0 % aquatic solution of citric acid, boiling it in water, and cleaning it mechanically. The samples were measured according to 17 traits. The measured traits and their codes are presented in Table 2 , Fig. 3 . Of these features, seven were quantitative (1-7), two described ratios between traits (8-9), and eight were coded as binary or multistate (10-17) ( Table 2) .
The terminology for characters of endocarp surface is explained below; see also Eyde (1997) . The endocarp surface (SSF) can be described as smooth or rough. The rough surface can be longitudinally furrowed and/or ribbed. The term ''furrow'' was used to describe a distinct wide channel located on the lateral faces of endocarp and dividing it along the vertical axis; here, its absence or presence was examined (DF). Conspicuous numerous ribs can run continuously (from the apex to the base) or irregularly, and then they do not reach the ends of the endocarp. Vascular bundles running on the ribs, between them, or on the flat surface of endocarps and visible as light yellowish or white vertical strips were considered in this study. The number of vascular bundles (VN) running uninterrupted from the apex to the base of the endocarp, the presence or absence of bifurcated vascular bundles, named here as forked (FV), and their proportion (FV in %) were defined. In addition, the position of vascular bundles (VBP) on the endocarp surface was examined. The vascular bundles can be: (1) sunken between ribs, then located on the bottom of Fig. 1 Geographical locations of cultivated accessions analyzed in this study. a North America, b Europe, c Japan. For numbers see Table 1 , Supplementary materials longitudinal grooves (VBS); (2) flat (VBF), in this case the smooth surface is observed; or (3) raised, located on sharp crests of ribs (VBR). The rest of the traits coded as binary or multistate are described on Fig. 3 .
Data analysis
For nine quantitative (continuous) variables, either measurements of endocarps (2, 812) or mean values for specimens (185) of pre-identified Cornus species were used. The quantitative variables were transformed to better approximate normality (Sárnal et al. 1999; Howell 2007; Tabachnick and Fidell 2007) . Qualitative data are not normally distributed, so this set of data was considered separately.
To group a set of specimens into similar patterns, several univariate and multivariate statistical methods were employed. The principal component analysis (PCA) is a tool for data reduction. The PCAs were carried out to assess how many PC components should be considered in the analysis without any significant information loss, estimate the contribution of each variable to the analysis, and highlight the variation among endocarps by taking into account species affiliation. The PCA axes with eigenvalues greater than or near 1.0 were evaluated. For the first two/ three PC axes, scatterplots were presented.
A MANOVA based on the first PC scores was carried out to determine whether a separation of endocarps in terms of their taxonomic affiliation or origin was statistically significant. To evaluate this differentiation, each PC axis was compared by ANOVAs. To handle the multiple comparisons, the Bonferroni correction was used. PC scores were dependent variables, while taxonomic, geographic or another assignments were used as categorical variables.
For cultivated versus wild accessions, the PCA was carried out using different data sets based on mean values for all analyzed specimens, specimens representing species native to North America cultivated in Europe, and specimens representing species native to Asia cultivated in Europe. In all analyses, C. bretschneideri was excluded because only cultivated materials were obtained. To assess the quality of variances in cultivated and wild samples, the Levene's test was used. Specimens representing species native to North America and Asia cultivated in Europe were compared with those growing wild by taking quantitative traits into account. Equalized data sets were established for cultivated and wild materials. The PCA was also carried out for different data sets to assess the impact b Fig. 2 Geographical locations of wild-growing Cornus accessions analyzed in this study. a Asia, b Europe, c North America. For numbers see Table 2 , Supplementary materials Differences between Cornus L. species 295 of geography on endocarp morphology. Student's t test was used for pairs of species/groups of species and trait(s). For nominal discrete (qualitative) data, contingency tables were used to compute Pearson's Chi square test for independence. This test assessed the association between qualitative traits and the origin of specimens or species taxonomic assignment. Descriptive statistics were calculated for the quantitative variables of each species based on the entire data set. For qualitative variables, mode values were computed.
Based on the PCA results, contingency tables (Online Resources 10-13), descriptive statistics (Online Resources 14-15), and molecular analysis results provided by Xiang et al. (2006) , separate dichotomous keys were constructed for species native to North America and Eurasia. Within each geographical group, a key for identification at the species group level was developed (bolded part of the key). Despite significant differences in endocarp morphological traits between species obtained for our analyses, these trait ranges overlap, making the separation of particular species difficult. Therefore the key for the identification at species level (not-bolded part of the key) permits to distinguish particular species with at least 75 % certainty.
Data management and analyses were performed using the program STATISTICA 10 package, (StatSoft Inc., Tulsa, OK, USA), the Bonferroni correction was found at http://quantitativeskills.com/sisa/calculations/bonfer.htm.
Results
Do cultivated specimens of Cornus species differ significantly in quantitative or qualitative endocarp traits from wild specimens?
A one-way MANOVA based on PC scores (Online Resource 4) with the origin of specimens as a categorical predictor variable showed insignificant differences in quantitative endocarp traits among these groups when all specimens were analyzed. This also occurred when wild specimens native to North America and those cultivated in Europe and wild specimens native to Asia and those cultivated in Europe were compared (Table 3) . Cultivated and wild specimens appear to have equal variances for all quantitative traits (Table 4) .
The Chi square test between qualitative traits and the origin of specimens belonging to species of subg. Mesomora and Kraniopsis did not show a significant relationship between analyzed traits and the specimen's origin (Table 5) . Three traits, i.e. SSH, SSF, and ACP depend on Differences between Cornus L. species 297 the specimen's origin when only species of subg. Kraniopsis were analyzed. Based on those results, we concluded that the subsequent analyses on quantitative traits should be performed on a combined data set of cultivated and wild materials while those based on qualitative traits are carried out on separated data sets.
Distinguishing pre-identified Cornus species based on quantitative and qualitative traits Fifteen pre-identified species represented by 185 cultivated and wild specimens were analyzed using the PCA. The PCA produced three PC components with eigenvalues greater than 1.0 and a cumulative variance of 76.11 % (Table 6 ). Using PCA scores as dependent variables and species assignment as a categorical variable, the one-way MANOVA shows significant differences among species (Wilks' lambda = 0.02, F (3, 42) = 29.49, P \ 0.001). The statistically significant separation among species occurs along all three PCA axes (F (14, 170) = 77.49, 6.23, and 16.63, respectively, P \ 0.001). For trait descriptions, see Table 2 The bold fonts were used to differentiate between: (1) the component loadings for a given set of traits and (2) The PCA analysis extracted some differences between the means for species belonging to subg. Mesomora and those in subg. Kraniopsis. There is, however, broad overlap among specimens of the latter (Figs. 4, 5) .
The first PC component, which was 40.36 % of total variation, indicated differences between species related to the apical cavity size (ACL, ACW). There was a significant difference between species of both subgenera (Student's t test = 36.91 and 42.20, for ACL and ACW, respectively, df = 615, P \ 0.001). C. alternifolia and C. controversa of subg. Mesomora are characterized by a large apical cavity. These two species differ significantly from one another in the apical cavity size (ACL, ACW), and in the endocarp dimensions (SL and SW), (one-way MANOVA Wilks' lambda = 0.15, F (9, 16) = 10.2, P \ 0.0001). The means of these traits are larger in C. alternifolia than in C. controversa.
The apical cavity is usually absent in species of subg. Kraniopsis. If present, its size falls in the smaller range. That kind of apical depression occurs in the following species: C. australis C.A.Mey., C. bretschneideri, C. foemina Mill., C. macrophylla Wall., C. obliqua Raf., C. sanguinea L., and C. walteri Wangerin (Fig. 6) . The lowest number of endocarps with apical depression was found in C. walteri (7.7 %), whereas the highest was in C. bretschneideri and C. macrophylla (33.3 %).
The separation on PCA axis 2, which was 20.14 % of total variation, was caused mostly by the ratio between endocarp length and endocarp width (SL/SW). Nevertheless, no significant difference was detected between the mean trait value (SL/SW) for species of subg. Mesomora (0.95 [SD ± 0.14]) and species of subg. Kraniopsis (0.97 [SD ± 0.15]), (t test = -1.71, df = 184, P \ 0.09). A group of species C. alternifolia, C. controversa, C. racemosa Lam., and C. australis that has been considered in literature as having globose endocarps does not differ significantly in the SL/SW ratio from species possessing compressed endocarps, i.e., C. alba L., C. sericea L., and C. occidentalis (Torr. & A.Gray) Coville. However, C. alba differs significantly from C. sericea in this trait (t test = 5.24, df = 501, P \ 0.001). The mean value of the ratio is 1.0 [SD ± 0.25] for C. alba, whereas endocarps of C. sericea are wider than they are long (0.89 [SD ± 0.15]). A significant difference in SL/SW also was detected between C. sericea and C. occidentalis (t test = -4.55, df 350, P \ 0.001) while no difference was found between C. alba and C. occidentalis (t test = 0.89, df = 397, P \ 0.37). A significant difference between the sample means also was found between closely related C. amomum Mill. Table 7 Mean Mean ±SE Mean ±1.96*SE Table 7 Differences between Cornus L. species 299 df = 385, P \ 0.001). The highest SL/SW mean of all analyzed species was obtained for C. obliqua (1.04 [SD ± 0.15], n = 181), (Fig. 7) . The separation by PC 3, which was 15.61 % of total variance, was caused by the ratio between endocarp width and endocarp thickness (SW/ST). This ratio gives an overall indication of the degree of an endocarp's flatness. As with the SL/SW ratio, the difference between subg. Mesomora and subg. Kraniopsis was insignificant, whereas a significant difference was noted between the group of species with globose endocarps and the group with compressed endocarps (t test = -12.56, df = 98, P \ 0.0001).
However, the SW/ST ratio allowed us to separate a group of species (C. alba, C. occidentalis, and C. sericea), that do not differ significantly (F (2 624) = 1.16, P = 0.31) from the other species (t test = 69.21, df = 2,810, P \ 0.001). The mean value for the first group of species (C. alba, C. occidentalis, and C. sericea) was higher (1.56 [SD ± 0.19]) than for the remaining species (1.14 [SD ± 0.11]), (Fig. 8) .
The analysis of the Tuckey post hoc HSD test (unequal N) and all quantitative traits (Table 7 ) revealed a significant separation between:
(i) all species belonging to subg. Kraniopsis and black-fruited species in subg. Mesomora (C. alternifolia and C. controversa); (ii) C. alternifolia and C. controversa; (iii) different morphological groups within subg.
Kraniopsis, i.e., 5-7-veined species (C. alba, C. bretschneideri) and 3-4-veined species (C. australis, C. sanguinea, C. walteri), and between the first group and clavate-styled species (C. amomum or C. obliqua);
(iv) clavate-styled (C. amomum, C. australis, C. walteri) and white-fruited (C. drummondii C.A.Mey, C. foemina, and C. racemosa); (v) three-to four-veined C. sanguinea and whitefruited (C. drummondii, C. occidentalis, and C. racemosa).
On the other hand, the results revealed no significant differences in endocarp traits between, for example, North American white-or light blue-fruited species (C. drummondii, C. foemina, C. racemosa,) and clavate-styled species (C. macrophylla and C. obliqua), C. sericea s.l. (including C. occidentalis), and five-to seven-veined C. bretschneideri. Moreover, no significant difference was detected between Eurasian white-fruited C. alba and North American white-fruited (C. foemina, C. racemosa, and Table 7 Fig. 9 Endocarps of North American species (97.2): a Cornus alternifolia, u; b C. racemosa, u; c C. foemina, u; d C. obliqua, u; e C. amomum, u; f C. drummondii, b; g. C. sericea, f; h C. occidentalis, f (u, upper view; b, bottom view; f, front view) C. drummondii). Besides, C. macrophylla does not differ from the majority of analyzed species of subg. Kraniopsis except C. amomum (Table 7) .
Summing up, based on quantitative traits, it was possible to distinguish species belonging to subg. Mesomora from those in subg. Kraniopsis. We found that variation regions of species representing the latter subgenus overlapped, and only groups of species can be unambiguously identified.
To find associations between qualitative traits and species assignment, the Chi square test was performed based on the wild, cultivated, or combined data set. All analyses yielded congruent results. A significant association was found between species assignment and analyzed traits. The results also were broadly similar when only species of subg. Kraniopsis were evaluated (Table 8) . A significant association was found between species recognition and a vascular bundle position (VBP) on the endocarp surface. This trait is positively correlated with endocarp surface ribbing pattern. Combining these two traits, it was possible to identify three groups of species based on the analyzed material: (1) sharply ribbed with raised vascular bundles running along crests of ribs (C. amomum, C. obliqua), (2) ribbed with sunken vascular bundles running in grooves (C. alternifolia, C. controversa), and (3) group with relatively smooth surface (remaining species).
Besides vascular bundles position on endocarp surface also their continuity or branching may differ particular Level of significance P \ 0.05; for trait descriptions, see Table 2 Differences between Cornus L. species 301 species to some extent. The vascular bundles were not dichotomously forked (FV) in over 55 % of endocarps of C. macrophylla and C. racemosa, whereas the opposite tendency was noted in the remaining species. In C. alternifolia, C. controversa, C. amomum, C. bretschneideri, C. obliqua, C. sanguinea, and C. walteri, only up to 10 % of endocarps had continuous bundles. In C. alba, C. australis, C. drummondii, C. foemina, C. occidentalis, and C. sericea, this percentage ranged from 12.14 to 39.84 %. The examined Cornus species are classified into three groups based on a visual judgment of endocarp shape (SSH): those with a spherical = globose shape (e.g. C. walteri, C. macrophylla, C. sanguinea, C. racemosa, and, to a lesser extent C. obliqua, C. australis, C. alternifolia and C. controversa), a laterally flattened shape (C. alba and C. sericea including C. occidentalis), and ones in between (rest of species).
The majority of endocarps of C. alba, C. amomum, and C. obliqua are characterized by a shortly acuminate apex (ASH), whereas almost all the endocarps of the remaining species have either a rounded or truncated apex. Cornus sericea including C. occidentalis have either an acuminate or rounded apex. The basal portion of endocarps varies; for example, in C. alba rounded or long-acuminate bases can be observed, whereas in C. sericea either short acuminate or rounded bases can be noted. In other closely related taxa, no differences in the basal (and apical) portions of endocarps have been found (e.g., C. sanguinea and C. australis, or C. racemosa and C. foemina).
A distinctive furrow (DF) running longitudinally on the lateral faces of an endocarp can be found in C. sericea, C. occidentalis, and sometimes, C. alba and C. bretschneideri. The endocarps of remaining species are not so distinctly furrowed on the sides.
Is there a correspondence between different geographical groups of Cornus species and grouping based on endocarp traits?
The one-way MANOVA analysis was also performed based on PC scores (see Table 6 ) with geographic origin of species as a categorical variable. The MANOVA revealed a significant multivariate effect for the geographic origin (Wilks' lambda = 0.94, F (3, 181) = 4.05, P \ 0.01). The statistically significant separation among geographical groups occurs along PCA axis 3 (F (1, 183) = 11.14, P \ 0.01). The highest loading for the PC 3 had the ratio between endocarp width and endocarp thickness (SW/ST) ( Table 6 , Online Resource 5, 6). Generally, the mean value of SW/ST for specimens representing species native to North America (n = 93) was higher (1.27, [SD ± 0.15]) than those species native to Eurasia (n = 92; 1.18 [SD ± 0.23]).
The Chi square test between qualitative traits and the origin of species belonging to subg. Mesomora and Kraniopsis, showed significant association for five traits (P \ 0.05), whereas this association is insignificant for FV, SSF, and ACP. When only specimens belonging to species of subg. Kraniopsis were analyzed, all traits except FV depended on the origin of specimens (Table 9 ). When only cultivated material was analyzed, only VBP, ASH, and SSH were significant, indicating that some qualitative traits depend on growing site.
In summation, the key for species identification based on endocarp traits was constructed on separate North American and Eurasian species data sets.
The second stage of the analysis examines endocarp measurements by dividing analyzed species as proposed by (Xiang et al. 2006) . Based on parsimony analysis of matK sequences subg. Mesomora forms a sister clade to subg. Kraniopsis, which is divided into three subclades. This division reflects the current geographic partitioning of Cornus distribution space. Using PCA scores as dependent variables and the phylogenetic affinity of a species, as a categorical variable, the one-way MANOVA shows significant differences in traits among species representing considered clades and subclades (Wilks' lambda = 0.07, F (3, 9) = 70.11, P \ 0.001). The separation occurs along Level of significance P \ 0.05; for trait descriptions, see Table 2 all three PCA axes (F (3, 134) = 129.04, 19.09, and 17.72, respectively, P \ 0.001).
A visualization of differences between specimens in PCA plots (Online Resource 7, 8) revealed that samples representing species belonging to subg. Mesomora are clearly separated from all other species. The highest loadings for PC 1 are ACL, ACW, and SW (Online Resource 9). Species included in subclade I (C. drummondii, C. foemina, C. racemosa) differ significantly in the ratio between endocarp length and endocarp width (SL/ SW, highest loading for PC 2) from species included in subclade II (C. amomum, C. obliqua, C. alba, and C. bretschneideri; t test = 2.45, df = 70, P \ 0.02). No significant difference was found between subclades II and III (C. macrophylla, C. sanguinea, and C. walteri).
The separation along PCA axis 3, which made up 13.96 % of total variance, was caused predominantly by endocarp length and the ratio between endocarp width and thickness (SW/ST). A significant difference in endocarp length was found between subclades I and II (t test = -3.89, df = 70, P \ 0.001), whereas the remaining comparisons within subg. Kraniopsis were insignificant.
The Chi-square test based on all accessions between qualitative traits and species assignment to phylogenetic subclades showed a significant relationship for all analyzed traits, (P \ 0.05) (Table 10) . These results were congruent with Chi-square tests based on either wild or cultivated materials, with some exceptions (Table 10 ). The Chisquare tests gave higher P values when species of subg. Mesomora were excluded from the analysis, but for the majority of traits, the associations were still significant. For cultivated and wild specimens, ACP became insignificant.
Discussion
Considering that morphological continuity or instability might not be sufficient in determining species boundaries (e.g. Davis and Nixon 1992; Wiens and Servedio 2000; Sites and Marshall 2004), we did not strive to attain such a goal based on analyzed Cornus endocarp traits. Rather, we re-evaluated the taxonomic significance of these traits in the frame of widely accepted Cornus species, which were identified using other morphological traits (Koehne 1903; Wangerin 1910; Pylypenko 1960; Rehder 1967; Bean 1970; Eyde 1988; Cullen et al. 1997; Xiang and Boufford 2005; Schulz 2011 Schulz , 2012 . Koehne (1896 , after Schulz 2011 underlined for the first time an importance of apical cavity in the Cornus classification, particularly in the discrimination between subgenera (Mesomora and Kraniopsis). A very noticeable apical cavity is characteristic for the species belonging to subg. Mesomora, whereas a less conspicuous one, sometimes called an apical depression, is attributed to species representing subg. Kraniopsis. Other authors followed this view, e.g., Eyde (1988) , Xiang and Boufford (2005) , and Schulz (2011 Schulz ( , 2012 . Within subg. Kraniopsis, the apical depression has been described very rarely, and only for C. sanguinea (Eyde 1987 (Eyde , 1988 , C. macrophylla (Koehne 1903; Schulz 2012) , C. amomum (Wangerin 1910) , and one East Asian Cornus taxon (Xiang and Boufford 2005) . Our study confirms the previous findings related to the subgenera delimitation based on this trait and contributes additional evidence that the apical depression may be found in C. sanguinea, C. australis, C. bretschneideri, C. foemina, C. macrophylla, C. obliqua, and C. walteri. The compelling evidence that such depression is present on the surface of C. amomum endocarp is not provided by our study.
Variations in the shape of endocarps can be helpful in the Cornus species identification. In C. alternifolia, C. controversa, C. racemosa, and C. australis, endocarps described as globose have been observed (Xiang and Boufford 2005; Bojňanský and Fargašová 2007; Schulz 2012) , whereas in C. alba, C. sericea, and C. occidentalis, compressed endocarps have been noticed (Wangerin 1910; Fosberg 1942; Rehder 1967; Xiang and Boufford 2005 ; Table 10 Results of Chi-square test for independence between qualitative traits of endocarps and species affinity to phylogenetic clades (Xiang et al. 2006 ) based on cultivated, wild and combined set of data; upper line species of subg. Mesomora and Kraniopsis; bottom line species of subg. Kraniopsis Level of significance P \ 0.05; for trait descriptions, see Table 2 Differences between Cornus L. species 303 Bojňanský and Fargašová 2007; Schulz 2012) . Nevertheless, for the majority of taxa, various terms are used to describe endocarp shapes, and these sometimes have been incorporated into keys buildup to identify Cornus species. For example, endocarps of C. bretschneideri are described as globose (Koehne 1903) , ovoid-globose (Xiang and Boufford 2005) , or slightly compressed (Schulz 2012) ; C. sanguinea as globose (Schulz 2012) or ovoid-globose (Bojňanský and Fargašová, 2007) ; and C. foemina as globose (Koehne 1903; Schulz 2012) or subglobose (Wilson 1965) . Two extremes, i.e., taxa with the globose endocarps and those with compressed endocarps, differ significantly in the width/thickness ratio. Thus, this ratio is considered here as a key trait. However, both ratio(s) (SL/SW and SW/ ST) and arbitrary cutoffs (globose, intermediate and compressed endocarps; trait SSH, Table 2 ), applied to express the endocarp shape, do not allow classification of all examined specimens into clearly defined, non-overlapping groups.
Both ratios (SL/SW and SW/ST), however, could be used to distinguish between endocarps of C. alba and C. sericea. According to several authors (Rehder 1967; Seneta 1994; Xiang and Boufford 2005; Bojňanský and Fargašová 2007; Schulz 2012) , C. alba endocarps are laterally compressed, which is also confirmed by our study. C. alba and C. sericea differ significantly in both ratios, also in the case when C. occidentalis is included to the analysis. However, no significant differences in these traits were detected between specimens originally labeled as C. occidentalis and C. alba or between C. occidentalis and C. sericea. A close relationship between C. sericea and C. occidentalis was observed in the other quantitative traits of endocarps, suggesting that they should not be treated as distinct species. Not significantly different values of the SW/ST ratio also support a close relationship of C. foemina and C. racemosa (Wilson 1965; Schulz 2012) , and C. sanguinea and C. australis (Ball 2005; Schulz 2012) .
Moreover, considerable variability in qualitative traits has also been observed within a particular taxon. For example, the endocarp base of C. sericea is described as rounded (Wangerin 1910; Rehder 1967; Seneta 1994) or truncated (Bojňanský and Fargašová 2007) , whereas in C. alba, it is described as cuneate (Wangerin 1910; Ball 2005) , acute (narrowed) (Rehder 1967; Seneta 1994) or obtuse and acuminate (Bojňanský and Fargašová 2007) . Here, a statement made by Eyde (1988) is agreed upon, which is ''Some (endocarps) of C. sericea and C. alba do not, however, conform to that distinction'' (cuneate vs. rounded), (Eyde 1988: 285) . The endocarps of C. occidentalis mainly have a bluntly acute or wedge-shaped base, which is in agreement with Koehne (1903) . This taxon can be identified by its short acuminate apex, contrary to C. sericea, which more often has a rounded or truncated apex. This close relationship between C. sericea, C. alba and C. occidentalis was previously noted by Fosberg (1942) , who treated C. occidentalis at the rank of subspecies in the combination C. sericea ssp. occidentalis, and Schulz (2012) , who treated it at the rank of variety below subspecies stolonifera of C. alba. The taxonomic level of C. occidentalis is difficult to assess based on endocarp structure, and more detailed studies are needed. Provisionally, this taxon is considered as a subspecies of C. sericea. Other pairs of closely related species, such as Cornus racemosa-C. foemina and C. sanguinea-C. australis, do not differ in the apical and basal portions. In the latter case, based on all endocarp characteristics, a conclusion of Schulz (2012) is supported that C. australis should be reduced to the status of subspecies within C. sanguinea.
Another feature that may differentiate closely related Cornus species is a diverse surface sculpturing pattern (Wangerin 1910; Fosberg 1942; Wilson 1965; Eyde 1988; Schulz 2011 Schulz , 2012 . However, there is much confusion in the literature concerning the terminology used to describe it. The term ''furrow'' applied in this study follows Fosberg (1942) , but Bojňanský and Fargašová (2007) used the phrase ''longitudinal furrows'' to define structures observed on the whole outer surface of the endocarp. In our opinion, this probably should be related to vascular bundles. Some researchers interpreted broadly the endocarp sculpturing and used different terms such as ''ridged,'' ''ribbed,'' and ''grooved'' (Koehne 1903; Wangerin 1910; Fosberg 1942; Xiang and Boufford 2005; Bojňanský and Fargašová 2007) , sometimes synonymously (Wilson 1965) . The ribs and grooves are formed in the early stages of fruits development as a wavy layer of cells between the mesocarp and the endocarp. In a final stage of the development, this wavy line of cells corresponds to the ribs and grooves present on the endocarp surface (Kaniewski and Hausbrandt 1968) .
Some problems with terminology lead to difficulties in recognizing, comparing, and interpreting taxa. Reports of Wilson (1965) and Xiang and Boufford (2005) cannot be directly interpreted here because they refer to occurrences of ridges, ribs, or grooves. However, taking into account smooth/rough surface, we support the view that C. bretschneideri and C. walteri, described as ''inconspicuously ribbed'' (Xiang and Boufford 2005) , and C. sericea (=C. stolonifera Michx.), C. drummondii and C. foemina characterized as ''not grooved'' (Wilson 1965) , have a smooth surface with flat vascular bundles. The presence of a conspicuous irregular ribbing pattern and variable vascular bundles observed on C. amomum and C. obliqua endocarps indicate a great similarity of these taxa and support the conclusion of Schulz (2012) that C. obliqua should be reduced to the status of subspecies within C. amomum.
We are also able to confirm the occurrence of a distinctive furrow on C. occidentalis endocarps (Fosberg 1942) . Moreover, we noted that a distinctive furrow also occurs on C. sericea endocarps and, to a lesser extent, on C. alba and C. bretschneideri endocarps, which is in agreement with Schulz (2012, p. 111, Abb. 42) .
In sum, the applicability of our results to the previously published records is limited, mainly because not all aspects of the endocarp structure were studied with the same level of detail, as in the published records and the vague terminology.
More recently, literature has emerged that offers additional findings about the species level phylogeny of the genus Cornus based on molecular and morphological evidence (Xiang et al. 2006) . The concept of species within Cornus, particularly within the black-or white-fruited dogwoods, has been challenged by this study. Within the BW group, subg. Kraniopsis is highly diverse, having both North American and Asian species. There are species composition inconsistencies between subclades distinguished within subg. Kraniopsis depending on the considered DNA region. On the other hand, subg. Mesomora is a stable sister clade to subg. Kraniopsis (Xiang et al. 2006) .
Our results provided support for the molecular inferences in several ways. First, in all analyses of endocarp traits, a clear separation between species of subg. Mesomora and species of subg. Kraniopsis is clearly visible. In addition, there are significant differences in quantitative and qualitative traits between species representing different subclades (I-III) within the Kraniopsis clade. We observed no significant differences between species belonging to a particular subclade (e.g., C. drummondii, C. foemina, and C. racemosa).
However, this congruence is only partial, and there are still many inconsistencies. Grouping based on presumably neutral molecular markers (Xiang et al. 2006 ) is unlikely to predict accurately patterns of variation in quantitative traits because natural selection is the primary force on the traits (e.g., Pemberton 2010). Some observed inconsistencies may be explained by saturation in morphological character states, e.g., due to adaptive convergence (homoplasy), developmental and functional constraints, but also saturation in DNA substitutions, hybridization leading to genetic admixture and intermediate morphology, different taxonomic sampling, and algorithms/models being used (e.g., Phillips et al. 2004; Dávalos et al. 2012) .
We expected that relaxed selective pressures in culture conditions on quantitative traits increase their variance (e.g. Miller and Knouft 2006 , see also Rajon and Plotkin 2012 and references therein). This was not the case. It can be explained by the non-genetic carryover effect of the parent environment and an organism's short-time exposure to a new selective pressure or a weak-if any-selective pressure on these traits in wild and cultured conditions (Bonduriansky and Day 2009).
We found also that wild and cultivated specimens of Cornus species significantly differ in qualitative endocarp traits in subg. Kraniopsis, which may indicate the ability to adapt to varied conditions or reflect random changes. Given the restrictions of this current study, further experimental investigations are needed to determine if these differences in qualitative or quantitative traits have a genetic basis, e.g., through defined crosses in QTL analysis.
Finally, a number of important limitations need to be considered. In spite of the fact that no research in Cornus studies has surveyed an endocarp data set so large and complex as the one considered here, sampling is one of the major factors influencing our results. Limited availability of fruits and a restricted spatial distribution of studied accessions for some species make well-founded generalizations difficult.
Here, some of the analyzed qualitative and quantitative endocarp traits partially overlap. Because subjectivity may affect qualitative traits analysis, cross-checking one data set against another (quantitative) becomes meaningful. On the other hand, individual experiences can be used in species identification, which create separate results for qualitative data.
Conclusion
The morphology of Cornus endocarps is of taxonomic importance and provides a key for species identification. The existence of only subtle morphological differences in endocarps between some closely related taxa does not sufficiently explain their species status. Nevertheless, the applicability of our results to the previously published morphological records is limited, mainly due to vague terminology. Significant differences in endocarp traits were found for different geographical partitioning of the Cornus distribution space. Considerably more work needs to be done to determine the effect of cultivation on qualitative reproductive traits of Cornus species. This work is continued by analyzing the internal structure of endocarps in Cornus species.
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